Objective: To compare the potential population-level impact of expanding antiretroviral treatment (ART) in HIV epidemics concentrated among female sex workers (FSWs) and clients, with and without existing condom-based FSW interventions.
Introduction
The clinical benefits of antiretroviral treatment (ART) soon after HIV infection has led some high-income countries to recommend ART when CD4 þ cell counts fall below 500 cells/ml or immediately after diagnosis [1, 2] . Evidence of the preventive benefits of viral suppression within partnerships also supports early ART initiation to prevent HIV spread [3] . As a result, international guidelines recently changed the ART eligibility from CD4 þ cell count 350 cells/ml or less to CD4 þ cell count 500 cells/ml or less (herein referred to as CD4 þ cell 350 or CD4 þ cell 500), while continuing to advocate for expanded access to screening and pre-ART care [4] . However, when faced with finite (and often diminishing) resources, low-income and middleincome countries must consider how best to maximize the preventive potential of ART for their local context and improve on their existing HIV prevention strategies [5] . For example, could prioritized ARTexpansion to key populations be an efficient strategy [6] ? The recent guidelines noted a general lack of evidence to support prioritizing eligibility or access to key populations [4] . Since then, one modeling study found that prioritized eligibility for key populations could be highly effective and cost-effective, but this strategy remains underresearched, even in concentrated HIV epidemics [7] . South India's heterosexual HIV epidemics are driven largely by commercial sex, but vary in epidemic size and in the nature of sex work (including rates of turnover) [8] [9] [10] [11] [12] . Many regional epidemics are now declining due to condom-based, targeted female sex worker (FSW) interventions [13] [14] [15] [16] [17] [18] . But their reach varies across south India, and self-reported condom use among FSWs ranged from 32 to 98% in 2007 [10, 15, 16, [19] [20] [21] [22] [23] . A simultaneous, though slower roll-out of ART also began in 2004, and eligibility criteria changed from CD4 þ cell count of 250 or less to CD4 þ cell count of 350 or less in 2012 [14] . Although an estimated 19.1% of India's 2.3 million adults with HIV are currently on ART (as of January 2012) [13] , treatment coverage by 2010 varied between 4 and 30% in the state of Karnataka [24] . Pre-ART and ART care is delivered uniformly to all segments of society within the public healthcare system, but HIV screening is prioritized for FSWs via referral for 6-monthly screening in the targeted intervention program [13, 15, 16] . Thus, in several states, HIV screening among FSWs is higher than in the overall population [15, 16] . For example, in Belgaum, a district in the south Indian state of Karnataka, 74% of HIV-negative FSWs were screened for HIV in 2010, whereas only 8.0% of HIV-negative general population women had ever received an HIV test by 2010 [25] . Like condom use, rates of 6-monthly HIV testing among FSWs vary widely across south Indian states, from 6.7 to 57% [15, 16] . The extent to which sex work turnover and baseline condom use influence CD4 þ cell distribution and eligibility across risk groups, and thereby influence the future impact of the existing ART program, remains unknown. Given that baseline ART coverage vary across districts, its influence on the future impact of expanding ART strategies in south India also requires study.
In this article, we simulate HIV epidemics from three representative but distinct regions of Karnataka to examine the potential impact of the existing ART program (medium-to-good ART coverage, CD4 þ cell eligibility 350) beyond that achieved by existing condom-based interventions. We then estimate the incremental benefit of expanding ART with strategies that include changing CD4 þ cell eligibility criteria (from 350 to 500, or to any CD4 þ cell count); increasing access to care (maximize HIV screening, linkage, and retention in pre-ART care); and prioritizing expansion to FSWs or FSWs and clients. A systematic examination of ART impact across settings with different epidemic contexts and existing interventions will provide decisionmakers with more nuanced evidence to support alternate ART strategies.
Methods

Study setting
As of 2009, Karnataka had a population of 53 million adults over age 15, including an estimated 244 000 people living with HIV, and 134 691 FSWs [24] . The modeled districts include urban Belgaum (adult population, 914 115), Mysore (adult population, 909 204), and Shimoga (adult population, 492 000) [26] . Table 1 [9, 10, 24, 25, [27] [28] [29] [30] [31] summarizes key epidemic, condom use, and ART-related features of each district. ART rollout in Belgaum, Mysore, and Shimoga began in 2006, 2007, and 2008 , respectively. Individuals receive HIV screening or symptom-directed testing via government integrated counseling and testing centers (ICTCs) [13, 27] . FSW screening is facilitated by the targeted intervention programs [15, 16] . Belgaum has a larger overall HIV epidemic with little turnover in sex work, medium baseline ART coverage (13.5%). Nearly half of individuals registered in care in Belgaum were on treatment by 2010 [24, 27] . Mysore has an intermediate-size epidemic with rapid turnover in sex work, good baseline ART coverage (20.3%), with most individuals registered in care on treatment by 2010 [24, 27] . Shimoga has the smallest HIV epidemic of the three districts, with intermediate turnover in sex work, medium baseline ART coverage (11.9%), and nearly half of individuals registered in care on treatment by 2010 [24, 27] . Across the three districts, an estimated 4.8-10.9% of adults living with HIV in 2010 were registered in care, but were not on ART [24, 27] . Across the state, retention within the first 12 months of entering HIV care was 88.5% in 2011 [28] .
Data sources
District-specific behavioral and HIV screening data were obtained from FSW mapping and enumeration (2010 [24, 32] ), serial biological and behavioral surveys of FSWs (2004 FSWs ( -2011 ) and clients (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) , general population surveys (2007, 2010) [25, 33, 29] , serial polling booth surveys [34] , a behavioral cohort study among FSWs [35] [36] [37] , a cross-sectional [38, 39] study among HIV-positive FSWs, a cohort study among HIV-positive people in the general population [40] , district-specific FSW intervention program records (FSW HIV testing and pre-ART registration), and a comprehensive care program for HIV-positive adults [41] . Data on ICTC test volume and positivity rates, ART coverage (2010), linkage to care, pre-ART registration, and retention in care (until August 2012) were obtained from the Karnataka State AIDS Prevention Society, the UNAIDS Country Office, and the Karnataka Health Promotion Trust [24, 27, 30] . Biological and other India-specific data (CD4 þ cell distribution at diagnosis and ART initiation) were drawn from the literature.
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Individuals become susceptible to HIV when they become sexually active. Following HIV infection, untreated individuals progress through acute HIV, CD4
þ cell count more than 500, CD4 þ cell count 350-500, CD4
þ cell count 250-350, and CD4 þ cell count 250 or less stages, each of which is associated with HIV-attributable mortality (Supplementary Digital Content 2, Figure S2 , http://links.lww.com/QAD/A432). In the model, HIV-infected individuals can enter pre-ART care after HIV screening and linkage into pre-ART clinics. A fraction of HIV-infected individuals are retained in pre-ART care, and initiate treatment when they meet CD4 þ cell eligibility criteria. In addition, a fraction of HIV-positive individuals at any CD4 þ cell count can initiate treatment directly to reflect the development and detection of WHO stage 3-4 diseases (for example, active tuberculosis), including individuals not in pre-ART care. Following ART initiation, it is assumed that an average of 4-6 months is required to achieve viral suppression [42] . ART reduces HIV-attributable mortality by 20-50% in the first year of treatment, and by 50-90% thereafter, depending on the pretreatment CD4 þ cell count [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] . After achieving 'viral suppression', HIV infectivity is reduced by 80-97% to reflect different levels of adherence (which is not explicitly modeled) [3] . Individuals may discontinue ART or experience virological treatment failure and re-initiate effective ART if they develop WHO stage 3-4 disease [13, 27] .
For the existing baseline, condom use by FSWs was assumed to increase linearly in a piece-wise fashion between three rounds of FSW surveys (Table 1) , and to remain constant after the last available survey. The rate of increase in condom use prior to the first FSW survey was extrapolated from the rate of increase between the first two FSW surveys. HIV screening and linkage to pre-ART care increased from ARTroll-out to the last year for which data were available (Table 1) , and remained constant thereafter. We assumed that screening tests cannot detect infection during the first 30 days of acute HIV [56] .
We sampled over a prior range of parameters and calibrated the model to the best available regional data using a Bayesian framework [22, 57] þ cell distribution at entry into pre-ART care and ART initiation (up to 2011), to obtain 50 different parameter sets per district [17, 22] . Parameter sets were retained if the above model outputs reproduced the observed data within the 95% confidence interval of each data point. The calibrated parameter sets reflect potential 'realizations' of the observed HIVepidemic in each district, and form our baseline scenario ( Table 2 , 'existing targeted intervention, existing ART'). See text, Supplementary Digital Content 3, http://links.lww.com/QAD/A433 for model equations, and calibration details, including prior and posterior parameters.
Past impact of the existing antiretroviral treatment program
We assessed the impact achieved to date of the existing condom use and ART programs from their inception until 2014 (Table 2) , by comparing to a scenario in which condom use remained low at pre-2004 levels ('no targeted intervention, existing ART'), or HIV screening remained equally low across risk groups at levels currently observed in the general population ('existing targeted intervention, poor ART'), or an alternate baseline with 'no targeted intervention, and poor ART'. Outcomes include absolute reduction in HIV prevalence (across risk groups) and the fraction of HIV infections averted (prevented fraction) in the total population compared with the alternate baseline ( Table 2) .
Future impact of the existing antiretroviral treatment program
We assessed the future impact of the existing ART program from 2014 to 2024, beyond that achieved by high condom use, by comparing against a scenario with no new ART initiation after 2014 (Table 2) . We repeated this assessment with low condom use ('no targeted intervention, existing ART'). We calculated the prevented fraction and program efficiency (the prevented fraction per 100 person-years of ART) in the total population. To interpret results across districts and the influence of existing condom use, we compared the CD4 þ cell distribution in 2012 across districts and risk groups in the absence of ART (i.e., if there had never been an ART program, Table 2 ).
Incremental benefit of expanding antiretroviral treatment compared with sustaining the existing antiretroviral treatment program We compared the incremental benefit of expanding ART in 2014 with strategies outlined in 80% of the risk group(s) underwent routine screening while linkage and retention in pre-ART care rose to 100%. Thus, we assumed that 20% of HIV-infected adults remain unreached by HIV screening efforts. The 10-year outcomes include the prevented fraction, and program efficiency [the fraction (relative impact) and number of HIV infections averted (absolute impact) for every additional 100 person-years of ART] in the total population, beyond gains achieved by the existing targeted interventions. An expansion strategy was considered resource saving if it required less person-years of ART than sustaining the existing ART program.
Sensitivity analysis: influence of baseline intervention context on the incremental impact of expanding antiretroviral treatment We performed a sensitivity analysis to examine the extent to which baseline condom use and ART coverage influence the incremental benefit of expanding ART. We used the alternate baseline (Table 2) for each district to represent regions with low condom use and poor ART coverage (3-4% ART coverage in 2010 [24] ) due to the absence of an FSW intervention, such that FSWs and clients are screened for HIVat the same level as the general population, consistent with observed levels of low FSW HIV testing in some states [15, 16] .
Results
Past impact of the existing antiretroviral treatment program Figure 1 suggests that without existing targeted intervention and poor ART coverage, FSW HIV prevalence in 2014 would have been 30-39, 25-34, and 11-15% by 2014 in Belgaum, Mysore, and Shimoga, respectively, compared with 7-13, 3-5, and 3-4% respectively, with
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existing condom use and medium-good ART coverage (see Figure S3 , Supplementary Digital Content 4, http:// links.lww.com/QAD/A434, for other risk groups). The model suggests that condom use played a larger role than ART in reducing HIV prevalence across risk groups (Fig. 1, Figure S3 ). Compared with 'no targeted intervention, poor ART', the targeted intervention alone 
Future impact of the existing antiretroviral treatment program
In the presence of existing targeted interventions, the existing ART program is expected to prevent 11-28, 13-23, and 12-28% of HIV infections over 10 years in Belgaum, Mysore, and Shimoga respectively, translating into 292-1690, 180-2198, and 78-320 new HIV infections averted compared with a scenario in which there is no new ART after 2014 (Figure 2a) . The slightly smaller impact in Mysore, compared with Belgaum, can be explained by fewer FSWs being treatment eligible (CD4 þ cell count 350, Figure 2b) due to faster turnover in sex work. Hence, despite similar HIV screening among FSWs across districts (Table 2) , a smaller fraction of Mysore FSWs were on treatment by 2024 (13 versus 37% in Belgaum). However, this effect on ART impact was mitigated by higher HIV screening rates among clients in Mysore (Table 2) , resulting in higher ART coverage among clients (64 versus 51% in 2024).
Compared with the scenario in which no new ART is initiated after 2014, the prevented fraction for every 100 person-years of ART was greatest in Shimoga, which represented the smallest epidemic (Figure 2c ). If condom use was assumed to remain at 2004 levels ('no targeted intervention, good ART'), the efficiency of existing ART was reduced (Figure 2c ). Because condom use reduces HIV incidence, a larger fraction of HIV-infected adults are treatment eligible and higher ART coverage is achieved (Figure 2d ). For example, in Shimoga, ART coverage with the existing ART program in 2024 was predicted to reach 36-74 versus 24-54% with and without a targeted intervention, respectively.
Incremental benefit of expanding antiretroviral treatment compared with sustaining the existing antiretroviral treatment program Supplementary Digital Content 5, Table S1 , http:// links.lww.com/QAD/A435 summarizes ART coverage across risk groups, and outcomes from each proposed strategy. Table 2 ). The median predicted prevalence in the alternate baseline (''No TI, poor ART''), and other scenarios (''No TI, Existing ART''), (''Exiting TI, poor ART'') are also depicted. Note the different scales on the y-axis: of the three districts, Belgaum's FSW epidemic is of the largest magnitude, followed by Mysore, then Shimoga; ART (antiretroviral treatment).
existing ART program in Belgaum (see Figure S4 and S5, Supplementary Digital Content 6 and 7, for Mysore and Shimoga, respectively). lww.com/QAD/A461 for Mysore and Shimoga respectively). Overall, maximizing access to all risk groups was predicted to have a larger impact than increasing eligibility to all risk groups, because higher ART coverage could be expected with the former by 2024 (for example, a median of 82 versus 66%, respectively, in Belgaum; Table S1 ). This is due to 'less than maximal' HIV screening, linkage, and retention in pre-ART care at baseline (Table 1 and Table S1 ). The most efficient approach when changing ARTeligibility was to prioritize Maximizing access to all risk groups averted an additional 29-46, 32-53, and 30-46% of infections in Belgaum, Mysore, and Shimoga, respectively (Figure 3d, Figure S4d , Figure S5d ). Because HIV screening was already high among FSWs, further prioritizing their access prevented a small fraction and number of HIV infections, yet also required fewer person-years of treatment than sustaining the existing ART program (Table S1 ) -that is, this was a 'resourcesaving' strategy. Prioritizing access to both FSWs and clients prevented a median of 35, 74, and 39 HIV infections per additional 100 person-years of ART in Belgaum, Mysore, and Shimoga, respectively (Figure 3c-d Table S1 ).
Across all expansion strategies, for every additional person-year of treatment, the prevented fraction was largest in Shimoga (the smallest epidemic), while the largest number of HIV infections were averted in Belgaum (the largest epidemic). Maximizing access to FSWs, followed by maximizing access to FSWs and clients, was resource-saving or the most efficient approach to ART expansion in the existing baseline.
Sensitivity analysis: influence of baseline intervention context on the incremental impact of expanding antiretroviral treatment In similar settings but in which HIV screening rates are low (alternate baseline: 'no targeted intervention, poor ART'), changing eligibility criteria for ART had a limited impact (Figure 3a-b, Figure S4a -b, Figure S5a -b, Table S1 ). Although maximizing access prevented a larger fraction in the alternate baseline than the existing baseline, it was less efficient except when FSWs' access was prioritized (Table S1 ). In the alternate baseline, the large increase in annual HIV screening among FSWs (4-8 to 80%) prevented a median of 21, 13, and 22% of HIV infections, and required 530, 491, and 95 fewer personyears of ART compared with maintaining its 'poor ART' program (Table S1b ). In the existing baseline, a smaller increase in FSW screening was required to achieve our 80% target, which prevented a median of 0.7, 0.5, and 0.8% of HIV infections with 33, 20, and 8 fewer person-years of ART, compared to maintaining its existing ART program. Across expansion strategies, a larger number of infections were averted for every additional person-year of ART (Figure 3f, Figure S4f , Figure S5f ) in the alternate, compared to the existing baseline, because the former represented a larger HIV epidemic (Figure 1, Figure S3 ). Like the existing baseline, the most efficient approach involved maximizing access to FSWs (resource-saving), followed by maximizing access to FSWs and clients.
Discussion
We examined the potential impact of the existing ART program and the expected benefit of improving it across different settings in south India. In addition to the preventive impact achieved by existing targeted interventions, the existing ART program could avert 11-28% of remaining HIV infections between 2014 and 2024 across the three districts studied here. Compared to existing ART program, maximizing access to all risk Table 2 ]), while the black bars represent the alternate baseline (no targeted intervention, poor ART coverage at baseline [ Table 2] ). Note the different scales of the y-axis across panels. For prioritized access for FSWs, the prevented fraction (e) and the number of HIV infections averted (f) for every additional 100 PY of ART are not shown; this strategy was consistently ''resourcesaving''-i.e. over 10 years, fewer PY of ART were required when access was maximized for FSWs (Table S1 ) FSW (female sex worker); ART (antiretroviral treatment).
groups could prevent an additional 29-53% of HIV infections, whereas increasing eligibility (without increasing access) could prevent an additional 1-15% of HIV infections. Across expansion strategies, and for every additional person-year of ART, the relative impact (prevented fraction) was largest in Shimoga (smallest epidemic), and the absolute impact (number of infections averted) was largest in Belgaum (largest epidemic). The incremental benefit of ART expansion was highly sensitive to the presence or absence of targeted interventions and baseline ART coverage. Across baseline conditions, the most efficient approach could be maximizing access to FSWs (resource-saving), followed by maximizing access to FSWs and clients.
Our modeling suggests that while the existing ART program in south India likely reduced HIV prevalence across risk groups and prevented new HIV infections in the total population, condom use probably played a larger role than ART. The estimated impact of condom use alone in the study districts was similar to that reported from previous models [17] .
The future impact of the existing ART program is expected to vary across settings, partly due to differences in baseline ART coverage and turnover in sex work, and mostly due to differences in baseline condom use. High condom use leads to a declining epidemic wherein a larger fraction of the population has late-stage HIV [58] and is eligible for ART (CD4 þ cell count 350). Moreover, high condom use enables each person-year of ART to prevent a larger fraction of HIV infections because epidemics are already closer to elimination [59, 60] . Thus, the existing ART program could be more efficient if baseline condom use is high. Similarly, the existing ART program is most efficient in smaller epidemics, like in Shimoga. Given the diversity in epidemic size and level of FSW interventions across India [13] [14] [15] [16] 61] , the efficiency of existing ART in preventing HIV is expected to vary considerably across India.
Key determinants of the impact of increasing eligibility criteria are early diagnoses and high linkage and retention in care. In Karnataka, 80% of adults diagnosed with HIV are linked to care within a year; of those who enter pre-ART care, 11% are lost to follow-up in their first year before ART initiation [28] . Regional data from 2010 suggest that less than 11% of adults living with HIV were in pre-ART care but not yet on ART, and this was before national guidelines changed to CD4 þ cell count of 350 cells/ml or less [24, 27] . Based on these data, our modeling suggests that overall, maximizing access to all (at CD4 þ cell count 350 cells/ml) could potentially achieve a larger impact than further expanding eligibility (without increasing access).
The added benefit of expanding ARTalso depends on the reach of existing ART programs, which varies across India [24, 62] . In six of Karnataka's 30 districts, less than 10% of adults living with HIV were on ART by 2010 [24] . Across India, the 6-monthly rate of HIV testing among FSWs in 2011 was less than 10% in six out of 33 states [15, 16] . Under existing baseline conditions in the districts modeled here, further prioritizing FSWs' access could reduce the need for ART over the next 10 years. Increasing access for FSWs and clients would generally require more ART than maintaining the existing ART program, but will be more efficient than increasing access for everyone. If we were to change eligibility criteria, then doing so for FSWs first would be the most efficient approach. However, if baseline conditions are different -low condom use and poor ART coverage -then, as expected, changing eligibility criteria will have little impact. Under these conditions, the most efficient approach to expanding ART is to expand access to care, starting with FSWs. Overall, low condom use and poor ART coverage reduce the efficiency of ART expansion when the prevented fraction is measured. The exception is prioritizing FSWs' access to care -a strategy that is more efficient (and 'resource saving') in settings without a targeted intervention and poor baseline ART coverage. However, it may not be feasible to prioritize FSWs' access to care in settings without an established targeted intervention that has already addressed barriers to reaching and engaging FSWs in the context of HIV prevention [15, 16, 63] . Of note, regions with low condom use and poor ART coverage also have larger epidemics, and so for every person-year of ART, expanding ART prevents more HIV infections than in smaller epidemics with high condom use and better ART coverage.
Currently, HIV care and FSW interventions are implemented separately [13, 15, 16, 27] . Established FSW interventions are well positioned to facilitate FSWs' access to care, having already adopted such an approach with referral for 6-monthly HIV screening [15, 16] . Our findings suggest that in regions with existing targeted interventions, even with medium-togood ART coverage and high FSW HIV screening, FSW programs should sustain their efforts on condom use [15, 16, 64] ; integrate FSWs' linkage and retention in pre-ART care as part of their HIV prevention strategy; and expand access for clients to achieve the maximal preventive benefit of each additional person treated. Important next steps include operational research [65] to determine how best to integrate HIV prevention and care for FSWs and clients in settings like India with vertical delivery of prevention and ART services [13, 15, 16, 27] .
This study adds to a very small, but growing body of modeling literature to suggest that prioritized ART expansion to FSWs could be an effective and efficient strategy [7, 66] . However, the feasibility of a prioritized strategy will depend on our ability to identify, reach, and engage FSWs and/or clients [6] . As described above, existing FSW interventions in south India offer a unique opportunity to leverage their program coverage, and to examine the feasibility and individual-level impact of not only integrating prevention and HIV care, but also prioritizing ART expansion for FSWs.
To our knowledge, this is the first systematic examination of the epidemiological impact of ART under different baseline conditions, and the third to examine prioritized ART expansion for FSWs [7, 66] . Strengths of this study include the data available for model parameterization and calibration. Nonetheless, there are limitations in the data, particularly with respect to group-specific ART coverage by CD4
þ cell count, retention in pre-ART care, and treatment discontinuation. As a result, we assumed that linkage and retention in pre-ART care were similar across risk groups. However, if FSWs are diagnosed at lower CD4 þ cell counts and/or less likely to be linked and retained in pre-ART care than the general population, it may influence the potential impact of prioritizing FSWs for expanded eligibility.
There are also limitations with the scenarios we modeled. The way in which we modeled maximal access to care (i.e., 80% annual HIV screening, 100% linkage and retention in pre-ART care) represents an idealized scenario. Although achieving this level of HIV screening may not be entirely realistic for the general population, it has already been achieved for FSWs in several regionsbecause frequent HIV screening has been integrated into existing FSW interventions [15] . Efforts to increase linkage and retention in pre-ART care are underway in south India, via decentralized clinics for medication delivery and uptake and an outreach program to 'find' individuals lost to care [27] . As a result, linkage and retention in Karnataka in 2011 are higher than some other regions of the world [28, 67] . As recommended above, existing FSW interventions offer an important opportunity to improve FSWs' linkage and retention in pre-ART care, and efforts to integrate HIV care into existing FSW interventions are now underway in several African countries [65, 68] .
Finally, whereas findings from this study speak to the efficiency of various expansion strategies, they do not account for costs incurred, including costs of HIV screening. We also do not examine health benefits (life-years saved or disability-adjusted life years gained) in this study, and have not discussed discounting resource or health benefits. Important and planned next steps include a cost-effectiveness analysis of the different ART strategies across baseline conditions. In summary, ART programs in concentrated HIV epidemics should consider their baseline interventionspecific (targeted condom use and existing access to HIV care) and local epidemic context when expanding ART for HIV prevention. In south India, maximizing and prioritizing access to HIV care among FSWs, followed by prioritizing access to FSWs and clients represents the most efficient way to expand ART for HIV prevention.
